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I.  Introduction 

During  the  three  years  of  support  that  ended  31 -May-2005,  we  investigated  micro  structured 
ferroelectric  and  semiconductor  nonlinear  materials  and  the  bulk  and  waveguide  nonlinear 
interactions  that  they  enable.  Through  the  intrinsically  large  nonlinearity  of  these  materials,  and  the 
degrees  of  engineering  freedom  afforded  by  the  quast-phasematching  (QPM)  techniques,  it  has  been 
possible  to  demonstrate  a  variety  of  novel  devices.  Among  these  arc  optical  parametric  oscillators 
(OPOs)  tunable  from  24  -  11  Mm>  optical  parametric  generators  (OPGs)  producing  continua 
extending  from  4.8  -  8.5  flm,  chirped -grating  optical  parametric  amplifiers  (OP As)  enabling  efficient 
launching  of  spatial  soiitons,  and  a  waveguide  OPG  device  with  a  threshold  below  200  pj.  Ultra  fast 
concepts  developed  include  tandem- QPM-grating  OP  As  with  constant  group  delay  over  very-wide 
spectral  band  widths,  and  noncolhnear  QPM  SHG  interactions  allowing  generation  of  transform- 
limited  output  in  crystals  much  longer  than  the  group- velocity- mismatch  (GVM)  length 

These  devices  arc  enabled  by  progress  in  micros  true  rured  materials.  Orientation -patterned  GaAs 
(OP-GaAs),  a  thick -film  semiconductor  nonlinear  material  with  periodic  twins  controlled  by  a 
lithographically  patterned  template,  extends  QPM  techniques  into  the  mid-lR  beyond  the  multi- 
phono  n  absorption  edge  that  limits  oxide  ferroelectrics.  The  vapor- transport -equilibration  (V  I  E) 
process  allows  convenient  production  of  stoichiometric  ferroelectrics  from  readily  available 
congruent -composition  substrates,  including  stoichiometric  lithium  tantalatc  (SL1)  and 
stoichiometric  magnesium -doped  bthium  niobate  (SMg:LN).  Both  these  materials  show  negligible 
room- temperature  pho  tore  frac  live  and  photochromic  effects,  which  have  limited  applicability  of 
congruent-composition  crystals  for  visible -light  applications.  An  indication  of  the  improved 
performance  of  these  materials  was  the  demonstration  of  5- W- average- power  second  harmonic 
generation  (SHG)  of  532-nm  generation  for  1000  hours  at  room  temperature  in  a  PPSLT  crystal. 

This  work  was  completed  as  of  14-Nov-20G5t  and  the  results  on  that  component  of  the  program 
were  reported  in  the  2005  annual  technical  report.  The  work  is  recapped  here  for  completeness  It 
has  subsequently  been  continued  under  AFOSR  Gram  FA95 50-054 -01 80  and  FA 9550437- 1-0100. 

The  supplemental  modification  resulted  from  a  DARPA  Seedling  award  which  was  funded  via  a 
MIPR  through  AFOSR.  The  supplemental  modification  supports  ARO  Grant  DAAD1 9-02- 1-0184 
under  PI  —  Robert  L.  Byer  with  title  U1  Iigh  Average  Power  Diode-Pumped  Solid-State  Lasers:  Power 


Scaling  with  High  Spectral  and  Spatial  Coherence”.  The  supplemental  modification  was  for  a  critical 
set  of  capital  equipment  to  fabricate  transparent  ceramic  devices  and  explore  new  transparent 
ceramic  materials-  The  initial  devices  proposed  were  planar  waveguide  structures  based  on  Nd:YAG 
and  integrated  passively  Q-switched  Nd:YAG  gain  media.  The  supplemental  modification  included 
funds  for  capital  equipment  as  well  as  salary  support  for  a  post-doctoral  affiliate.  The  supplemental 
award  amount  was  not  yet  expended  by  14~Nov-20G5t  and  a  no-cost  extension  was  requested  to 
extend  the  program  through  15-3SSov-2006.  Work  completed  under  the  Supplemental  Modification  is 
reported  here,  as  well  as  under  DAAD 19-02- 1-0 184. 

II.  Recap  of  Results  on  Quasi-Phasematched  Nonlinear  Optics:  Materials 
and  Devices  (Completed  as  of  14-Nov-2005  and  reported  in  the  2005  annual 
technical  report) 

A.  Schoher.  X-P  Xie,  J.  Huang .  D.  Hum,  R.  Roussev t 

111  Materials 

Our  materials  work  over  the  past  three  years  has  made  progress  in  four  broad  areas:  synthesis  and 
characterization  of  stoichiometric  lithium  niobate  and  tantalate  with  improved  ferroelectric  and 
optical  properties  compared  to  conventional  congruently  melting  crystals;  unproved  penodic-polmg 
technology  in  conventional  ferroelectrics;  orientation-patterned  III-V  semiconductors  as  analogues  to 
PPLN  for  mid-IR  QPM;  and  improved  waveguide  fabrication  in  ferroelectric  materials  These 
projects  are  reviewed  briefly  here,  as  they  set  the  stage  for  several  of  the  proposed  materials  and 
device  projects, 

11. 1.1  Stoichiometric  Ferroelectrics 

Stoichiometric  lithium  tantalate 

Our  work  to  date  has  established  that  the  vapor-transport  cquiJQration  (VTE)  method  is  capable  of 
producing  crystals  of  both  LN  and  LT  that  arc  closer  to  stoichiometry  than  those  produced  by  other 
means.  In  stoichiometric  lithium  tantalate  (SLT),  the  concomitant  reduction  in  stoichiometric  point 
defect  density  (by  approximately  two  orders  of  magnitude)  has  two  key  effects:  the 
photoconductivity  is  increased  in  proportion  to  the  reduction  in  defect  density  (presumably  through 
an  increase  in  the  carrier  lifetime)  and  the  coercive  field  for  domain  reversal  is  also  reduced  by 
approximately  two  orders  of  magnitude  (as  low  as  60  Y/mm  compared  to  20  kV/mm  in  congruent 
crystals).  The  high  photoconductivity'  without  increase  in  photogalvanic  current  results  in  no 
measurable  room -temperature  photo  refractive  damage,  and  easier  poling  of  thicker  wafers  as  well  as 
rota  ted -cut  wafers  ’without  dielectric  breakdown  or  fracture. 

To  test  for  long-term  aging  effects,  periodically- poled  stoichiometric  lithium  tantalate  (PPSLT)  was 
used  to  generate  5-W  average  power  of  532  nm  light  by  SHG  with  a  100-kHz  repetition  Q-switched 
pump  laser.  This  experiment  was  then  monitored  for  over  1000  hours  of  continuous  operauon,  as 
shown  in  Figure  1  ♦ 1  The  conversion  efficiency  in  PPSLT  showed  no  degradation  over  the  life  of  the 
experiment,  Ulius,  at  these  experimental  intensities  (up  to  2  MW/cm3),  photo  refractive  and 
photochromic  effects  do  not  limit  the  utility  of  this  material  Investigations  at  higher  intensities  and 
higher  average  powers  will  be  necessary  to  assess  the  limiting  issues  in  this  material. 
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SHG  Efficiency  vs.  Time 
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Figure  1.  SHG  efficiency  in  PPSLT  was  measured  at  room  temperature  over  1000  hours  and  shows 
no  degradation  at  5-W  average  power.  Pho  tore  fra  cave  and  phorochromic  effects  that  Limit 
conventional  congruent -composition  crystals  do  not  affect  the  performance  of  the  PPSLT  crystal. 

Stoichiometric  lithium  niobate 

A  related  set  of  questions  apply  to  stoichiometric  lithium  niobate  (SLN).  Compared  to  SLT,  SLN  has 
higher  nonlinear  coefficient  allowing  a  factor  of  two  improvement  in  conversion  efficiency  in  bulk 
crystals.  In  addition,  APE  and  RPE  waveguides  in  SLN  should  provide  tighter  confinement  of  the 
light  and  higher  intensity  at  the  same  power  level,  increasing  conversion  efficiency  of  waveguides 
further  compared  to  SLT,  Thus  SLN  is  more  attractive  than  SL I  for  tower  power  applications 
However,  so  far  no  pure  SLN  has  shown  the  pho  to  refractive  damage  resistance  that  is  commonly 
found  in  SLT", 

VTE  on  CLN  was  extensively  studied  over  a  decade  ago2.  As  in  LT,  the  process  has  been 
demonstrated  to  result  in  uniform  crystals  after  sufficient  diffusion  time,  although  the  apparent  self- 
termination  happens  farther  from  the  stoichiometric  composition.  The  coercive  field  of  VTE  SLN 
reported  to  date  has  been  ~2  kV/mm\  suggesting  a  composition  which  is  10  times  closer  to 
stoichiometric  compared  to  CLN,  hut  still  0.16  %  deficient  in  Li.  We  were  able  to  obtain  \  1 E  SLN 
with  a  coercive  field  of  -1  kV/mm,  twice  as  close  to  stoichiometric  as  in  earlier  reports.  Yet,  the 
pho  tore  fracture  sensitivity  of  SLN  was  not  reduced  compared  to  CLN,  According  to  the  model  for 
the  photorefractivc  damage  that  successfully  explains  the  results  in  V  I  E  SL1 ,  we  would  expect  that 
carrier  lifetime  in  our  VTE  SLN  to  be  "-'20  times  longer  than  in  CLN,  leading  to  20  times  higher 
photoconductivity  and  correspondingly  smaller  sensitivity  to  PRE,  none  of  which  were  observed 
experimentally.  Clearly,  a  more  complex  model  needs  to  be  developed  in  order  to  explain  PRE  in 
VTE  SLN. 

Given  the  otherwise  markedly  similar  structural  and  optical  properties  of  these  crystals,  the  difference 
is  puzzling.  Perhaps  the  most  likely  explanation  is  that  the  phase  boundary  for  SLN  lies  slightly  on 
the  lithium -poor  side  of  stoichiometry,  so  that  a  non -negligible  number  of  anti-site  Nb  remain  after 
the  VTE  process.  The  much  greater  photorefractivc  damage  resistance  of  stoichiometric  LN  crystals 
with  even  small  amounts  of  Mg-doping4  is  consistent  with  this  interpretation.  V  apor  transport 
equilibration  of  congruent  lithium  niobate  (CLN)  grown  by  Crystal  lech  with  various  low  Mg 
concentrations  was  carried  out.  Tests  showed  that  PRE  was  eliminated  in  crystals  saturated  with 
lithium,  for  [Mg] >0.3%,  Some  difficulties  remain  in  indiffusion  of  Li  under  conditions  that 
simultaneously  maintain  crystal  quality  and  proceed  in  less  than  a  couple  of  hundred  hours.  Further 
work  is  required  to  find  suitable  conditions  for  producing  high  quality  VTE  Mg:SLNf  in  particular 
that  VTE  times  required  to  reach  PRE-rcsistant  compositions,  especially  in  0,3%Mg-doped  crystals, 
are  longer  than  is  convenient,  and  some  changes  in  coloration  often  occur  during  the  VTE  process. 
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Nonlinear  susceptibility  of  congruent  ami  stoichiometric  ferroele dries 

literature  reports  asserted  that  stoichiometric  ferroelectncs  show  a  30%  larger  nonlinear 
susceptibility  than  the  corresponding  congruent-composition  crystals.  As  such  a  result  would  have 
important  implications  for  many  device  applications,  we  carried  our  Maker  fringe  measurements  of 
SHG  at  1,06  jim  on  several  stoichiometric  materials,  normalized  to  congruent  LN  samples.  Within 
5%,  we  found  that  dh  was  affected  by  neither  VTE  nor  simultaneous  VTE  and  Mg  doping.  The  table 
below  summarizes  the  experimental  results,  with  the  measured  dy$  normalized  to  that  of  congruent 
LN,  contradicting  the  prior  literature  resalts. 


Material 

Normalized 

Congruent  L.N 

100% 

200h  VTE  LN 

100% 

400  h  VTE  LN 

101% 

1%  MgiLN 

99% 

Congruent  LT 

64% 

SLT 

66% 

Mg:SLT 

67% 

Table  L  Relative  nonlinear  susceptibilities  measured  for  various  congruent  and  stoichiometric 
ferroeLecmcs. 

11.1.2  Periodic  Poling  Technology 

The  extremely  low  coercive  fields  characteristic  of  stoichiometric  crystals  suggested  that  it  might  be 
possible  to  pole  plates  of  orientations  other  than  the  standard  z-axis,  with  applications,  for  example, 
to  face-pumped  nonlinear  devices  (section  111.2.1),  A  plate  cut  at  45°  to  the  z-axis  would  have  an 
effective  nonlinear  coefficient  for  reasonable  angles  of  incidence  that  is  within  V  42  of  that  for 
propagation  normal  to  z,  and  similarly  the  projection  of  the  poling  field  on  the  z-axis  would  be  1  /  V2 
of  the  total  field,  as  shown  in  Figure  2, 


Figure  2.  Off-normal  poling  of  stoichiometric  crystal.  High  energy  of  charged  domain  wall  leads  to 
propagation  parallel  to  the  ferroelectric  axis. 

Preliminary  exploration  of  rotated  CLN  plates  indicated  that  the  domains  would  still  grow  parallel  to 
the  z-axis,  but  the  high  poling  fields  precluded  systematic  exploration  of  tins  option.  The  two-orders 
of  magnitude  lower  poling  fields  required  for  SLT  and  SLN  lift  this  constraint,  so  we  investigated 
this  possibility  in  SLT  wafers.  Commercially  available,  surface  acoustic  wave  substrates  were  treated 
with  the  VTE  process  to  lower  the  coercive  field,  allowing  periodic  poling  before  piezoelectric  strain 
caused  mechanical  failure,  as  was  the  case  in  poling  of  rotated  cuts  of  congruent  materials.  The 
samples  revealed  that  domain  patterning  is  possible  m  such  materials,  as  shown  in  Figure  3..  The 
grating  produced  had  a  period  of  41  jim  and  preliminary  experiments  showed  the  expected  SHG  in 
this  configuration.5 

further  investigations  to  reduce  the  poling  period,  and  increase  the  wafer  thickness  and  poling  angle 
arc  required  for  this  matenal  to  be  used  for  practical  facc-pumped  devices.  Experimental 
measurements  of  the  laser-induced  surface  damage  threshold  are  required  to  probe  the  limits  of  this 
material  for  scaling  to  higher  and  higher  average  and  peak  powers.  Upon  completion  of  these  studies, 
face-pumped  topologies  for  efficient  SHG  of  nearly  arbitrarily  high  energy  (over  100  J)  pulses. 
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Figure  3,  Periodic  poling  of  42°  rotated  Y-cut  SLT,  Scattering  from  the  back  face  reveals  that  the 
domains  are  slanted  48°  from  the  surface  normal 

IU.3  Oricntation-Pattcnied  GaAs 

Means  for  quasi-phasema  telling  in  the  III-Y  semiconductors  arc  attractive,  as  these  materials  have 
large  nonlinear  susceptibilities  (dwfGaAs)  =  5  x  d3j(LiNbOj)  )T  broad  IR  transparency  (to  >12  fJm  in 
GaAs),  and  high  thermal  conductivities  (-  lOx  LiNbCb)  that  reduce  the  temperature  nse  resulting 
from  absorbed  optical  power.  Since  they  have  a  4  axis  in  the  (100)  direction,  90°  twins  around  this 
axis  invert  the  crystal  structure,  and  so  change  the  sign  of  the  nonlinear  susceptibility  as  is  required 
for  QPM,  We  have  developed  methods  for  lithographically  patterning  a  substrate,  to  create  a 
template  that  controls  the  orientation  of  subsequendy  grown  Sims.  This  orientation-patterned  GaAs 
(OP-GaAs)  can  be  grown  in  thin -film  form  by  MBE,  or  m  thick  films  by  hydride  vapor-phase  epitaxy 
(HYPE)/'  This  material  has  exceptional  properties  for  mid-IR  nonlinear  devices,  simultaneously 
providing  all  the  well-known  advantages  of  QPM  techniques  while  moving  the  mulu-phonon 
absorption  edge  from  the  4.5  flm  limit  in  PPLN  to  >  12  Jim  in  Op-GaAs,  and  providing  a  figure  of 
merit  for  focused  nonlinear  interactions  10  x  larger  than  that  of  PPLN  at  the  same 

wavelength,  due  to  the  larger  nonlinear  susceptibility  of  OP-GaAs  100  pm/V},7 

This  matenal  is  truly  a  mid-IR  analogue  of  PPLN,  and  has  opened  this  spectral  range  to  the  same 
range  of  techniques,  as  discussed  here.  A  number  of  other  programs  contribute  support  to  the 
further  development  of  this  material  (and  analogues  like  OP-GaP),  It  has  been  used  in  this  program 
to  extend  the  range  of  the  techniques  proposed,  and  as  a  material  supporting  the  ultrafast  portions  of 
the  program  with  a  uniquely  broad-band  performance  (>  octave  bandwidth)  as  a  mid-IR  parametric 
amplifier. 

H.  1 .4  Waveguide  Fabrication 

Highly  efficient  waveguide  frequency  mixers  are  useful  both  for  frequency  conversion  applications  as 
well  as  for  classical  and  quantum  optical  signal  processing  devices,  and  ultrafast  pulse 
characterization.  We  have  further  developed  the  reverse-proton  exchange  waveguide  process  in 
congruent  lithium  niobate,  with  losses  as  low  as  0.1  dB/cm  in  devices  with  confinement  optimized 
for  high  mixing  efficiency.  Tight  waveguide  bends,  based  on  tight  optical  confinement  and  selective 
etching  to  produce  depressed  claddings  to  reduce  radiation  loss  are  also  under  development. 
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11,2  Devices 


We  have  had  exciting  results  in  a  number  of  device  applications  of  micro  structured  nonlinear 
materials,  in  both  bulk  and  waveguide  configurations,  Mid-JR  devices  based  on  OP-GaAs  as  an 
analogue  of  FPLN  with  extended  1R  transparency  has  yielded  both  OPO  and  OPG  devices  with 
unprecedented  performance.  Ultrafast  devices  include  novel  concepts  like  qua  si -group -velocity 
matching,  and  several  new  types  of  wide-band  width  parametnc  amplifiers. 

IL21  Mid- 1 R  Devices 
Optical  parametric  oscillators  (OPO) 

We  demonstrated  the  first  optical  parametric  oscillator  (OPO)  based  on  orientation- patterned 
GaAs.8  The  experimental  setup  for  the  GaAs  OPO  is  shown  in  Figure  4.  Ihe  OP-GaAs  sample  was 
0.5-mm  thick  (along  [001]},  5-mm  wide  (along  [1  10])  and  1 1-mm  long  (along  [110],  the  optical  beam 
propagation  direction),  and  the  optical  faces  were  A R- coated  (R<2%  per  facet)  for  X  =  1*5  —  3  |lm 
The  optical  losses  inside  the  sample  were  estimated  to  be  less  than  0.04  cm1  at  t  .55  Jim.  The  inset  in 
Figure  4  shows  a  stain-etched  cross-section  of  our  OP-GaAs  sample,  taken  with  a  Nomarsb 
microscope. 


Figure  4.  Schematic  of  the  OP-GaAs  OPO.  In  the  case  of  *  double-pass  OPO  setup,  mirror  Ms  is 
metallic  and  the  backward  OPO  output  is  reflected  by  a  ZnSe  Brewster  plate'  in  the  case  of  a  single- 
pass  setup,  the  forward  output  goes  through  dielectric  mirror  Ms,  Inset:  Stain-ctched  cross-section  of 
a  500-pm-thick  OP-GaAs  sample. 

For  the  available  G1.2-|im-QPM-pcriod  OP-GaAs  sample,  we  used  a  PPLN  OPO  to  produce  the 
required  1 ,8-2  |!m  pump  radiation.  The  bandwidth  of  the  signal  output  of  the  PPLN  OPO  was  5 
cm1,  which  is  within  the  pump-acceptance  bandwidth  of  the  OP-GaAs  (approximately  6  cm1). 

The  lowest  threshold  and  the  highest  output  were  obtained  in  a  two-pass  arrangement  m  the  GaAs 
OPO.  The  pump  pulses  (0-200  Jij,  6  ns,  M2=2.3),  polarized  along  the  [001]  axis  of  the  OP-GaAs, 
were  focused  into  the  sample  to  a  l/e2  intensity  radrus  Wo  —  180  pm.  The  pump  threshold  of  the  OP- 
GaAs  OPO  was  as  low  as  16  |i|  (flue nee  0.03  J /cm2)  which  is  consistent  with  the  predictions  of  our 
numerical  model  which  gives  13  |l|. 


By  tuning  the  pump  wavelength  between  1.74  and  2. 05  Mm  the  GaAs  OPO  yielded  continuously 
tunable  output  (measured  with  a  grating  monochromator)  from  24  to  3.1  pm  (signal)  and  5.8  to  11  1 
pm  (idler),  as  shown  in  Figure  5.  This  tumng  range  was  Limited  entirely  by  the  reflectivity  range  of 
our  dielectric  OPO  mirrors:  with  the  proper  mirror  set,  continuous  1.8-17  pm  OPO  tuning  can  be 
achieved  with  this  sample  by  tuning  the  pump  from  1.6  to  2.07  pm. 


Figure  5.  OP^GslAs  OPO  tuning  curve  (20°C)  with  respect  to  the  pump  wavelength.  Solid  line  - 
calculated. 

We  also  investigated  the  dependence  on  pump  polarization.  We  observed  an  increase  in  the  output, 
as  expect,  by  pumping  along  [111].  We  demonstrated  OPO  operauon  with  pump  polarized  along 
[001]  as  well  as  along  [110],  which  suggests  the  interesting  possibility  of  using  either  a  circularly 
polarized  or  even  unpolarized  beam  to  pump  the  GP-GaAs-base^  OPO. 

V lira -broadband  optical  parametric  generation 

We  recently  demonstrated  an  optical  parametric  generator  based  on  OP-GaAs.y  The  OP-GaAs  was 
pumped  at  wavelength,  which  is  a  special  point  for  GaAs  since  at  the  OP  A -degenera  ic 

wavelength,  near  6.6  |im,  the  group  velocity  dispersion  of  GaAs  vanishes,  resulting  in  an  extremely 
broad  (up  to  an  octave  or  more)  parametric  gain  acceptance  bandwidth  (see  Figure  6). 


Figure  (V  Relative  gam  coefficient  for  QPM  interactions  for  10  nun  long  GaAs  gratings  where  the 
period  A  has  been  optimized  for  large  bandwidth.  The  solid  line  represents  a  pump  wavelength  of 
3.059  (Iin  at  room  temperature,  which  results  in  a  bandwidth  from  4.1  to  117  gm  with  relative  gain 
variations  of  50%.  The  dashed  line  represents  a  pump  wavelength  of  3.217  pm  at  a  temperature  of 
20°C,  which  results  in  less  than  1%  gain  variation  from  4.9  to  9.2  |Im. 
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Figure  7.  OPG  spectrum  demonstrating  output  between  4,8  and  8.5-Jlm  wavelength.  Dips  arc  due  to 
water  absorption  and  non-uniform  monochromator  response. 

Tunable  mid-IR  pump  pulses  for  our  optical  parametric  generation  experiment  were  produced  with  a 
Spec  tra-Phy  sics  OPA-80Q  system  (^=3.1-3.3|im  wavelength,  1  ps,  -0,5  pj)<  Three  OP-GaAs  samples 
labeled  D,  E,  and  A,  with  QPM  periods  154.2,  166.6  and  168  (4m,  respectively.  The  group  velocity 
walk-off  length  between  pump  and  degenerate  signal-idler  is  - 1  cm  for  1  ps  pulses,  so  the  interaction 
length  for  ail  three  samples  is  limited  to  about  1  cm.  The  samples  were  AR-coated  with  R<0.5%  at 
signal  and  R<5%  at  the  idler,  and  R=8-15%  per  surface  for  the  pump. 

The  pump  was  focused  to  a  65-[im -radius  spot  in  the  QP-GaAs.  The  OPG  threshold  was  measured 
to  be  approximately  100  n)  for  all  samples,  corresponding  to  1.5-GW/cm2  intensity  The  OPG 
spectra  were  measured  with  a  % -meter  grating  monochromator  Figure  7  shows  the  OPG  output 
spectrum  for  sample  E  with  a  300-nj,  3.27-|lm  pump.  A  spectrum  spanning  from  4.8  to  8.5  Jim 
(20dB  down  from  the  peak  at  6.3  |lm)  was  generated.  Dips  in  the  middle  of  the  measured  spectrum 
are  due  to  (i)  water  absorption  (the  apparatus  was  not  purged)  and  (ii)  non -uniformity  of  the 
efficiency  of  the  grating  spectrometer. 

[1-2.2  Ultra  fa  st  Optical  Devices 

The  engineering  degrees  of  freedom  available  in  QPM  devices  allow  lifting  of  many  of  the 
constraints  that  have  conventionally  limited  efficiency- bandwidth  tradeoffs  in  uitrafast  nonlinear 
optical  interactions.  We  have  investigated  a  number  of  these  opportunities  in  the  past,10*11*12-13*14.  In 
this  section  we  discuss  two  methods  for  dealing  with  bandwidth  limitations  m  nonlinear  interactions, 
noncollinear  interactions  in  QPM  media,  and  quasi-group-velocity  matching  in  waveguide 
interactions.  Section  1 1.2, 3  discusses  wideband  amplifier  configurations. 

'The  bandwidth  of  collmcar  second- harmonic  generation  is  limited  by  the  mismatch  in  group  velocity 
between  the  pump  wave  and  the  generated  harmonic.  This  bandwidth  can  spoil  the  short  duration 
of  ultra  fast  pump  pulses  in  the  process  of  second  harmonic  generation  if  the  interaction  length  L  is 
longer  than  the  characteristic  walk-off  length  A  typical  solution  is  to  use  a  crystal  that  is  shorter 
than  the  walk- off  length.  The  maximum  conversion  efficiency  possible  in  such  a  collinear  interaction 
limited  by  group  velocity  mismatch  is  achieved  by  con  focal  focusing  into  a  crystal  thai  is 
approximately  one  walk-off  length  long.  The  typical  walk-off  for  SHG  in  periodically  poled  materials 
is  between  0.2  and  1,0  ps/mm  so  that  for  sub-picosecond  pulses,  the  interaction  length  is  limited  to 
crystals  of  order  1  mm  or  shorter.  Confocal  focusing  in  short  crystals  for  maximum  efficiency  results 
in  high  peak  intensity  which  can  result  in  appreciable  multiphoton  absorption  or  optical  damage. 

One  wav  to  circumvent  the  limitations  of  group- velocity  mismatch,  shown  in  Figure  8,  is  to  use 
spectral  angular  dispersion  in  a  critical  phase-matching  geometry.  Since  the  different  frequency 
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Broadband  $1  iC  for  femtosecond  pulse  generation 
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Figure  8.  Schematic  diagram  of  PPLN  experiment  with  spectral  angular  dispersion.  Angular 
dispersion  imposed  by  a  diffraction  grating  provides  built-in  angular  tuning  of  the  SHG  interaction 
enabling  simultaneous  phase -marching  of  all  frequency  components  of  an  ultra  short  pulse  A  non- 
collinear  geometry  is  necessary  in  QPM  materials  to  provide  the  critical  phase  matching  necessary  for 
linear  tuning  of  the  phase-matching  angle  with  wavelength, 

components  of  a  short  optical  pulse  will  phase-match  at  different  incident  angles  in  a  nonlinear 
crystal,  using  angular  dispersion  can  program  angle  tuning  into  the  firs  t-h  anno  me  pump  held.  In  this 
manner,  the  Imitations  of  frequency -dependent  phase  matching  seen  through  group -velocity 
mismatch  can  be  managed  by  properly  matching  the  angular  dispersion  of  the  First-harmonic  field  to 
the  angular  dispersion  required  to  maintain  phase -matching. 13 

We  demonstrated  this  technique  in  a  1-cm-length  PPLN  crystal  usmg  150  fs  pulses  at  a  first- 
harmonic  wavelength  of  1550  run  for  which  the  group -velocity'  mismatch  is  0*3  ps/mm,  Ihe  results 
in  Figure  9  show  that  even  though  the  interaction  length  is  much  longer  than  the  walk-off  length,  the 
full  bandwidth  of  the  FH  pulse  is  still  converted.  For  comparison  we  also  show  the  bandwidth  and 
autocorrelation  for  the  conventional  collinear  interaction  which  is  severely  limited  by  group-velocity 
mismatch*  We  also  developed  rigorous  theoretical  analysis  of  SHG  with  spectral  angular  dispersion 
that  accurately  predicts  the  conversion  efficiency.  This  analysis  also  shows  that  the  maximum 
conversion  efficiency  under  optimum  focusing  and  phase-matching  conditions  is  approximately 
equal  to  the  maximum  efficiency  under  collinear  conditions  in  a  short  crystal,  but  demonstrates  a 
clear  advantage  in  achieving  this  efficiency  at  a  peak  intensity  that  is  approximately  Lf/ U  below  the 
peak  intensity  for  the  collinear  interaction.  The  results  of  this  experiment  as  well  as  the  theoretical 
analysis  were  submitted  to  the  Journal  of  the  Optical  Society  of  America  B  in  October  2004,  and 
presented  at  Photonics  West  2005.  Quasi-Group- Velocity  Matching 
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Figure  9.  Rcsuks  of  broadband  SHG  with  spectral  angular  dispersion  in  PPLN.  Autocorrelation  (left) 
and  spectrum  (right)  of  SHG  with  spectral  angular  dispersion  (top)  is  compared  with  collinear  SHG  in 
an  identical  length  crystal  in  the  presence  of  group-velocity  walkoff  (bottom).  With  spectral  angular 
dispersion,  the  phase  matching  bandwidth  is  nearly  14  times  broader  than  the  bandwidth  of  coUincar 
SHG  in  a  crystal  of  the  same  length. 

A  limitation  on  nonlinear  interactions  between  ultrafast  pulses  is  the  difference  in  group  velocities 
between  the  interacting  fields.  This  group  velocity  mismatch  (GYM)  leads  to  temporal  walkoff 
limiting  the  useful  interaction  length  to  the  distance  over  which  the  pulse  envelopes  walk  off  each 
other.  For  PPLN  in  the  vicinity  of  L5  um  fundamental  wavelength,  the  maximum  interaction  length 
is  limited  by  group -velocity  walkoff  to  an  interaction  length  of  3  mm.  Since  the  efficiency  scales  with 
the  square  of  the  interaction  length,  this  limitation  on  the  efficiency’  is  significant  -  the  high  efficiency 
of  ultra  fast  QPM  devices  stems  from  the  large  nonlinear  coefficient  making  up  for  the  rather  strong 
walkoff  effects.  Means  to  ameliorate  the  walkoff  effect  would  enable  a  further  quadra uc  increase  in 
efficiency,  with  potential  for  operation  at  the  femtojouie  level 

With  this  motivation,  we  have  been  exploring  a  concept  we  have  called  “qua si-group -velocity 
matching’"  (QGVM)  in  which  a  periodic  time  delay  is  inserted  for  one  of  the  interacting  waves  to 
reset  the  timing  of  its  en%relope  compared  to  that  of  the  slower  wave,  c.g,  the  1.5  Jim  signal 
interacting  with  a  780  nm  pump.  The  device  is  very  much  analogous  to  the  use  of  penodic  sign 
changes  in  fa  to  compensate  for  phase -velocity  mismatch,  hence  the  term  QGVM  The  waveguide 
components  described  in  section  II  I. 4  enable  the  fabrication  of  the  required  structures;  a  first  pass  at 
this  device  showed  promising  results.  We  anucipate  that  successful  operation  would  occur  after  one 
or  two  more  design  iterations. 

Directional  coupler 


Figure  10.  Quasi- group -velocity  matching  (QGVM).  The  walkoff  of  the  envelopes  of  the  interacting 
waves  is  reset  by  inserting  a  penodic  time  delay  The  efficiency  increases  as  N2  for  N  such  sections  in 
the  device. 

Wc  have  demonstrated  a  two-stage  device  m  APE  lithium  niobate  waveguide. Two  approximately 
150-fs-long  pulses  generated  6  ps  apart  by  SHG  in  two  QPM  gratings  were  re -synchronized  by  the 
fixed  delay  line.  (Figure  10)  The  accuracy  of  GYM  compensation,  measured  by  the  mismatch  of 
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pulse  envelopes  at  output,  was  better  than  80  fs.  The  relative  phase  of  the  two  pulses  was  fine 
controlled  by  temperature  tuning  to  ensure  maximum  SHG  efficiency.  Figure  11,  I  his  temperature 
tuning  approach  lifts  the  requirement  for  precise  positioning  of  QPM  gratings,  and  makes  the 
fabrication  much  easier  The  temperature- tuning  period,  according  to  design  as  well  as  verified  in 
experiment,  was  8W  C,  a  practically  good  number  for  easy  control  and  stable  operation  of  the  device. 
The  QGVM  technique,  which  can  be  iterated  to  more  than  two  segments,  enables  optical  frequency 
mixers  of  higher  efficiency-bandwidth  product  than  would  be  possible  in  a  single  grating.  It  is  now 
being  used  in  ultra  fast  OPG  devices.  In  future  work,  multi-section  devices,  fundamental  limitations 
imposed  on  them  by  GVD,  and  practical  limitations  due  to  finite  bend  radii  will  be  investigated. 


Figure  11.  Cross -corrcla  non  traces  of  a  reference  device  (a)  and  four  GVM  compensation  devices 
with  different  amount  of  delay  (b)-(e). 

U liralow-Thnshold  Waveguide  Optical  Parametric  Generation 

Optical  parametric  generation  (OPG),  is  a  very  simple  method  for  generating  tunable  radiation, 
especially  uitrafast  pulses,  essentially  by  amplifying  vacuum  noise  to  macroscopic  powers  in  high-gain 
(~T0ut)  parametric  amplifiers.  Two  limitations  on  the  method  have  been  that  it  requires  rather  high 
energy  pump  pulses  in  conventional  materials,  and  that  without  additional  complexity  generally 
generates  pulses  that  are  far  from  transform  limited. 17  QPM  materials  have  removed  one  of  these 
limitations,  with  enough  gain  to  reach  OPG  threshold  with  25  nj  in  bulk  PPLN,lH  and  <  1  nj  in  a 
PPLN  waveguide. w  The  other  issue  is  that  absent  special  dispersion  conditions,  simple  OPG  devices 
produce  pulses  whose  spectrum  is  substantially  broader  than  the  transform  limit.  Several  of  the  tools 
developed  in  our  prior  work  are  useful  for  addressing  these  issues. 

A  PPLN  waveguide  parametric  generator  with  a  threshold  of  only  200  pj  (vs  the  micro  joule  values 
typical  in  bulk  media)  for  1.8  ps  pulses  was  demonstrated.  Through  a  cascade  of  OPG  and  sum 
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frequency  generation  (SFG),  transform  limited  pulses  were  generated.  This  work  was  recently 
published  in  Ref.  20. 

In  the  experiments  with  40-mm-long  quasi-phase -matching  (QPM)  gratings  in  re  verse- proton- 
exchanged  waveguides,  a  pump  pulse  with  FWHM  length  of  1.8  ps  at  769.6  nm  yielded  an  OPG 
threshold  of  200  pj.  The  qua  si- phase-matched  OPG  demonstrated  up  to  33%  saturated  photon 
conversion  efficiency  (internal)  with  1  nj  pump  pulses.  The  single-pass  OPG  was  tunable  from  1.15 
pm  to  2.3  pm  for  pump  wavelengths  between  770  am  and  789.5  nm. 

When  the  generated  outputs  occur  simultaneously  with  a  cascaded  SFG  process,  they  can  be  near 
transform-limited,  even  m  the  presence  of  significant  group  velocity'  mismatch.  As  compared  to  the 
conventional  OPG  where  the  cascade  process  is  absent,  we  call  this  process  cascaded  OPG.  Here 
because  the  sum  frequency  has  a  higher  group  index  than  the  pump,  the  portion  of  the  signal  (or 
idler)  from  the  back  conversion  of  SFG  has  an  apparent  effective  group  velocity  slower  than  the 
pump.  Therefore,  the  group  index  of  the  pump  is  between  those  of  the  signal  and  idler  and  the  signal 
output  is  transform-limited. 

The  dynamics  of  the  cascaded  process  is  revealed  by  the  numerical  simulations:  if  we  fix  the  grating 
length  and  increase  the  pump  power,  conventional  OPG  will  reach  threshold  first,  with  dips 
appearing  at  wavelengths  where  the  SFG  QPM  condition  are  satisfied;  blither  increasing  the  pump 
power,  the  cascaded  OPG  will  reach  its  threshold  and  grow  up  exponentially  faster  than  the 
conventional  OPG  products,  because  of  the  group  velocity  matching 

This  process  was  dear  in  the  experimental  results  for  an  l  S-mm-long  QPM  grating,  shown  in  Figure 
12.  The  shape  and  length  of  the  pulse  was  measured  with  the  cross -correlation  between  the  signal 
and  a  small  portion  split  from  the  pump.  The  cascaded  product  emerges  as  a  separate  peak  both  in 
the  time  domain  and  the  frequency  domain,  If  we  consider  only  the  cascaded  product  component, 
the  TBP  of  the  generated  signal  was  0.51  with  a  pulse  length  of  1.9  ps  and  a  bandwidth  of  1.4  nm. 
The  conventional  OPG  product  had  a  TBP  of  4.4.  Transform-limited  TBP  for  the  supposed  secant 
pulse  shape  is  0.315.  By  making  use  of  the  cascaded  process,  have  therefore  generated  a  signal 
with  much  reduced  TBP.  We  also  demonstrated  that  engineering  multi-component  QPM  grating 
allows  selection  of  the  signal  wavelength  where  the  cascaded  process  occurs. 


Wavotengthfnm)  Tirne(ps) 

(a)  (b) 

Figure  12  (a)  Optical  spectrum  analyzer  traces  (b)  Cross -correlation  traces  for  the  signal  from  OPG, 
Both  cover  the  same  pump  power  range  from  0.3  nj  to  12  nj.  Note  the  shift  of  spectrum  tiom 
convention  a  l- OPG  to  cascaded  output  with  increasing  pump  energy.  Cross-correlation  traces  also 
show  ho  tit  products 
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1 1.2,3  Novel  Amplifiers 

The  high  single-pass  gains  presented  by  OP  As  offer  an  alternative  to  regenerative  laser  amplifiers  for 
ultra  fast  pulse  amplification.  The  broad  band  widths  available  m  QPM  parametric  amplifiers,  as  well 
as  their  readily  tailored  spectral  amplirude  and  phase  responses  make  possible  several  useful  optical 
power  amplification  schemes.  These  properties  make  PCPA  (parametric  chirped  pulse  amplifiers) 
attractive21  compared  to  conventional  chirped  pulse  laser  amplifiers,  further  adding  waveguide 
interactions  to  the  mix,  one  has  the  possibility  of  large  parametric  gains  with  milliwatt  peak  powers  or 
picojoule  pulse  energies,  enabling  other  types  of  interactions. 

We  have  analyzed  the  effects  of  chirped  QPM  gratings  on  gain  and  band  widths  of  OP  As,  and 
developed  both  simple  physical  pictures  and  numerical  methods  to  analyze  these  structures.  We  have 
had  an  Optics  Letter  accepted  that  describes  this  analysis,  and  also  examines  a  new  design,  a  tandem 
grating  in  which  the  group  velocity  dispersion  can  be  completely  cancelled,  even  over  the  bandwidth 
of  a  5  fs  pulse,  while  providing  60  dB  parametric  gain.  These  amplifiers  are  also  applicable  as  the  gain 
dements  in  GPOs.  The  use  of  spatial  solitons  in  a  parametric  amplifier  gives  another  degree  of 
freedom  in  control  over  the  spatial  distribution  of  the  generated  radiation. 


Salt  ton  Parametric  Amplifier 


Figure  }  3,  Schematic  diagram  of  soliton  shaping  experiment.  The  graph  shows  the  soliton  fractional 
power  versus  the  wavevector  mismatch  Ak  in  units  of  the  diffraction  length  ZR  —  fa  nr  where  fa  is 
the  pump  wavevector  and  rh  is  the  soliton  waist  for  the  pump  wave  at  Ak  -  0.  In  our  chirped  grating 
experiment,  the  initial  wavevector  mismatch  is  zero  (Akt  =  0)  and  the  final  wavevector  mismatch  is 
chosen  according  to  the  desired  output  state.  The  launched  soliton  experiences  a  transformation  that 
follows  the  local  soliton  state  determined  by  the  local  wavevector  mismatch  along  the  length  of  a 
chirped  PPLN  grating.  The  fractional  soliton  power  (defined  as  the  power  in  each  component  wave 
divided  by  the  total  power)  carried  in  each  component  of  the  output  soliton  is  determined  by  the  final 
value  of  the  wavevector  mismatch  Akf. 

Parametric  amplifiers  have  thus  far  demonstrated  advantages  over  their  laser  counterparts  m 
producing  high  single-pass  gain  over  large  amplification  bandwidths,  but  have  also  demonstrated 
significant  difficulty  in  the  efficient  extraction  of  energy  over  real  pulse  envelopes.  The  non-uniform 
spatial  gain  profile  due  to  the  transverse  intensity  profile  of  the  pump  beam  has  very  large  gam  in  the 
center  of  the  beam,  and  significantly  less  gain  in  the  wings,  even  where  there  remains  a  significant 
amount  of  optical  power.  Such  a  nonuniform  gain  distribution  complicates  efficient  extraction  of  the 
energy  in  the  pump  beam.  One  potential  solution  is  the  use  of  nonlinearity- induced  waveguides,  or 
spatial  solitary  waves.  In  this  manner,  analogous  to  the  traditional  optical  guided  waves,  parametric 
spatial  solitary  w+aves  travel  in  specific  “nonlinear  guided  modes1'  that  exist  through  coupling  between 
pump,  signal,  and  idler  waves.  In  such  a  coupled  wave,  all  spatial  parts  of  the  signal  sample  all  spatial 
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parts  of  the  pump  so  that  spatial  non-uniformities  in  the  parametric  gain  are  averaged  over  the  beam. 
Eady  chirped -pulse  OPA  experiments  benefited  from  the  spontaneous  appearance  of  this  effect  to 
enable  photon  efficiencies  of  30-  40%+22  Aperiodic  QPM  gratings  offer  the  possibility  of  pushing  to 
photon  efficiencies  in  excess  of  90%,  For  a  given  total  power,  the  ratio  of  pump  power  (and, 
correspondingly,  signal  and  idler  power)  in  the  soliton  is  determined  uniquely  by  the  phase  mismatch. 
A  chirped  QPM  grating  thus  provides  the  means  to  adiabatically  convert  from  a  soliton  which  is 
composed  mostly  of  pump  at  the  input  to  the  device,  to  an  output  that  is  composed  mostly  of  signal 
and  idler.  This  behavior  is  weakly  dependent  on  the  peak  power  and  the  local  frequency,  enabling  its 
implementation  in  parametric  chirped  pulse  amplification  (PCPA)  schemes.  Numerical  simulations 
have  demonstrated  the  possibility  to  deliver  photon  conversion  efficiency  approaching  90%  in  a 
nearly  diffraction -limited  output  beam  with  devices  available  through  current  QPM  technolog}',  33 

Quasi-phase-matching  (QPM)  provides  unique  capability  for  engineering  the  amplitude  and  phase  of 
the  nonlinear  response  in  a  given  material  As  shown  in  Figure  13,  the  properties  of  multicolor 
stationary  states  depend  on  the  wave  vector  mismatch.  Through  the  use  of  a  chirped  QPM  grating, 
we  demonstrate  the  transformation  from  a  launched  soliton  state  to  a  different  sohton  state  through 
the  use  of  a  chirped  QPM  grating  in  a  seeded  optical  parametric  amplifier.  In  addition  to  providing 
the  capability  of  producing  soliton  states  which  are  difficult  to  launch  m  a  uniform  nonlinear 
material,  this  behavior  may  prove  useful  for  improving  the  efficiency  and/or  mode  quality'  in  an 
optical  parametric  amplifier,23-24 

We  carried  out  experiments  in  chirped  QPM  gratings  with  variety  of  chirp  rates,  using  a  Q-switched 
microchip  laser  producing  0.5- ns  1,06 -Jim  pump  pulses,  and  a  CW  seed.  Figure  14  shows 

experimental  and  theoretical  data  for  the  fraction  of  the  soliton  energy  in  pump,  signal  and  idler 
waves  as  a  function  of  the  final  wave- vector  mismatch  in  the  chirped  QPM  gratings.  We  see  good 
agreement  of  the  relative  powers,  and  can  generate  sob  to  ns  with  only  a  small  fraction  of  the  energy 
remaining  in  the  pump  at  the  output.  The  launching  efficiency  is  lower  than  theoretical  for  an  ideal 
gaussian  pump  beam,  presumably  reflecting  the  A P  >  1,5  of  the  pump  beam  we  used.  With  an 
incident  pump-pulse  energies  of  23-25  |lj,  we  observed  a  soliton  energy  between  4  and  6  fl]  resulting 
in  a  launch  efficiency  between  16%  and  23%  near  the  soliton  threshold  for  Ak  -  0.  We  compare  our 
experimental  data  with  beam  propagation  simulations  that  yield  the  same  total  soliton  power  {i.e.  the 
simulation  uses  a  lower  incident  power  than  the  experiment,  launching  8  flj). 
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Figure  14.  Properties  of  tailored  soliton  states.  On  the  left  is  the  energy  in  the  quadratic  soliton  of  the 
pump  (crosses  ™  experiment,  dotted  line  =  simulation),  signal  (circles  =  experiment,  dashed  line  = 
simulation)  and  total  (asterisk  —  experiment,  solid  line  =  simulation)  in  chirped  gratings  versus  the 
final  wave  vector  mismatch.  The  initial  wave  vector  mismatch  for  each  case  is  At  =  0.  On  the  tight  is 
the  fractional  energy,  defined  as  the  energy  of  the  component  (signal  or  pump)  divided  by  the  sum 
(signal  +  pump).  In  the  shaded  region,  there  is  significant  measured  parametric  generation  at  the 
output  of  the  PPLN  crystal,  indicating  the  seeded  soliton  is  no  longer  stable.  Parametric  generation  is 
not  included  in  the  beam  propagation  calculation;  in  the  unshaded  region  where  the  contribution  of 
parametric  generation  is  negligible,  the  measured  data  agrees  well  with  calculation. 
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The  experimental  data  taken  at  soliton  threshold  is  shown  in  Figure  1 4,  and  is  compared  with  finite- 
difference  beam  propagation  simulations  of  the  continuous -wave  coupled  equations,  assuming 
cylindrical  symmetry  in  two  transverse  dimensions  and  averaged  over  a  Gaussian  temporal  envelope 
to  account  for  the  time-varying  power.  Ffhc  data  shows  reasonable  agreement  m  the  unshaded  region. 
Parametric  amplification  of  vacuum  noise  appears  in  the  shaded  region  as  a  spectral  peak  at  1562  nm, 
far  from  the  signal  seed  wavelength  of  1553  nm  and  close  to  the  phase-matching  wavelength 
corresponding  to  the  final  QPM  period.  Similar  experiments  with  uniform  gratings  at  nonzero 
wavevector  mismatch  demonstrate  that  the  soliton  threshold  increases  sharply  with  wave-vector 
mismatch  (positive  or  negative) s  and  parametric  generation  is  observed  for  Ak  <  -125  m  1  and  Ak  > 
750  m  J.  This  demonstrates  a  dear  advantage  of  using  chirped  gratings  over  uniform  gratings  for 
obtaining  tailored  soliton  output  This  work  has  been  submitted  to  was  presented  at  the  Conference 
on  Lasers  and  Electro -Op tics,  2005  in  Baltimore,  MD. 

Ultrabroadband  Parametric  Amplification 

We  have  investigated  the  use  of  chirped  QPM  gratings  for  high-gain,  broadband  optical  parametric 
amplification.  We  have  developed  analytical  and  numerical  methods  to  understand  the  ampiificauon 
spectrum  of  these  devices,  and  have  obtained  simple  design  rules.  By  way  of  example,  an  OPA  using 
a  5 -cm  crystal  of  periodically -poled  lithium  tantalatc  together  with  a  pump  wave  at  532  nm  with  an 
intensity  of  5  GW/ cm-  can  yield  uniform  gain  of  10s  over  a  bandwidth  ranging  from  630  to  900  nm, 
corresponding  to  a  transform -limited  pulse  duration  of  5  fs. 

Although  it  allows  tailoring  of  the  gain  spectrum  through  proper  engineering  of  the  chirp,  a  single 
QPM  grating  does  not  allow  control  of  the  phase  response  of  the  amplified  signal  wave.  For 
applications  such  as  short-pulse  amplification,  it  is  desirable  to  minimize  the  amount  of  group  delay 
dispersion  introduced  by  the  amplifier,  and  if  possible  to  have  control  over  each  dispersive  order  to 
prevent  pulse  distortion.  This  control  can  be  obtained  through  the  use  of  a  tandem  pair  of  gratings. 
As  shown  in  Figure  15,  this  two-staged  amplifier  configuration  uses  the  idler  output  of  die  first 
amplifier  as  the  input  signal  of  the  second.  By  properly  engineering  the  chirp  of  both  QPM  gratings, 
it  is  possible  to  achieve  at  the  same  tune  constant  gain  and  constant  group  delay  over  large 
bandwidths.  Figure  16-a  and  -b  show  the  calculated  gain  and  group  delay  spectra  of  such  a  tandem 
grating  pair,  The  total  gain  between  680  and  800  nm  is  uniform  and  equal  to  1.5X107,  and  the  total 
group  delay  is  also  constant  over  that  range.  A  paper  describing  the  design  of  OPAs  using  chirped 
QPM  gratings  as  well  as  the  use  of  tandem  gratings  for  simultaneous  gam  and  group-delay  control 
has  been  published  in  Optics  Letters.25 
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Figure  15  OPA  using  tandem  chirped  QPM  grating  for  simultaneous  gain  and  group-delay  control. 
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Figure  16.  Design  example  of  an  OPA  using  tandem  chirped  QPM  gratings.  The  gam  (a,  top  plot)  and 
group  delay  (b,  bottom  plot)  spectra  are  constant  over  a  bandwidth  ranging  from  680  to  800  nm. 

113  Conclusions  and  Related  Programs 

This  program  has  been  highly  successful  in  developing  new  devices  based  on  the  engineerable 
nonlinear  optical  materials,  periodically -poled  LiNbO%  periodically -poled  LuTaOj,  and  OP-GaAs.  It 
is  worth  noting  that  many  of  the  devices  developed  are  of  direct  relevance  to  DoD  goals  in  general, 
and  Air  Force  goals  m  particular.  Wc  anticipate  that  the  next  generation  of  advanced  device  studies 
based  on  these  same  two  materials,  which  again  pushes  the  envelope  of  what  is  currently  practical, 
will  follow  a  similar  trajectory.  (The  follow-on  program  is  currently  funded  under  AFOSR  Grant 
FA 9 5 50-05- 1  -0180.) 


III.  Supplemental  Results  on  Ceramic  Laser  Development 

R.  Gaume,  J.  Wisdom ,  R.  Feigelson.  R.  Route ;  and  R  L  Byer 

111.1  Introduction 

Under  DARPA  contract  DAAD1 9-02-1-01 84,  we  producing  and  characterizing  polycry stalline  gain 
media  for  power  scaling  of  high  energy  slab  lasers.  In  this  period,  we  have  explored  primarily  the 
non-reactive  sintering  process  as  a  method  to  produce  low  loss  ceramic  materials. 

111. 2  Progress 

Over  the  last  decade,  the  requirements  of  high- power  diode -pumped  solid-state  laser  systems  have 
presented  a  serious  challenge  for  crystal  growers.  These  lasers  require  crystals  with  greater  size  and 
greater  homogeneity  than  has  ever  been  demonstrated  from  single  crystal  growth.  Practical  high* 
power  laser  systems  require  doping  profiles  that  efficiently  and  reliably  couple  low- brightness  diode 
radiation  into  a  structure  with  good  overlap  with  a  high- bright  ness  signal  beam.  New  processing 
technologies  which  limit  the  introduction  of  absorptive  impurities  are  also  needed.  Ceramic 
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technology  offers  a  dramatic  advance  toward  efficient  high-power  laser  systems  by  combining 
customizable  doping  profiles  with  fabrication  scales  limited  only  by  the  furnace  size.  One  key  aim  of 
our  ceramic  laser  development  program  is  perform  basic  research  into  the  fabrication  of  transparent 
ceramics  with  doping  profiles  and  composite  structures  to  enhance  Laser  efficiency  and  reliability  for 
powcr-scaling  to  high  levels. 

Within  the  developing  transparent  ceramics  community,  there  are  two  recognized  methods  to  attain 
laser  grade  materials,  reactive  and  non- reactive  sintering.  As  far  as  the  preparation  of  transparent 
YAG  ceramics  are  concerned,  reactive  sintering  was  the  first  method  to  achieve  transparency.  It 
amplifies  the  driving  force  behind  dcnsification  by  reacting  precursor  particles  during  sintering.  For 
example,  the  three  precursors  powders  shown  below  react  during  the  sintering  process  to  produce 
Nd:YAG, 

xNd203  +  5Al203  +  3{)-x)Y10i  2 {Y^Ndx\AlsOi2 

Last  year  we  presented  our  progress  in  the  fabrication  of  Nd:YAG  using  this  method.  While 
research  on  tins  process  is  still  on-going  it  has  become  apparent  that  non-reactive  sintering  will  offer 
greater  design  flexibility. 

In  non-reactive  sintering,  nanoparticles  of  the  desired  phase  are  fabricated  and  formed  into  green 
bodies.  In  2000,  the  Konoshima  Chemical  Corporation,  collaborating  with  Professor  Ucda  of  Tokyo 
University,  succeeded  in  demonstrating  a  laser  grade  ceramic  fabricated  by  non-reactive  sintering. 
Today,  highly  transparent  plates  10  cm  by  10  cm  in  size  have  been  fabricated  for  laser  applications. 
Among  the  many  advantages  of  tins  process  is  improved  fmal  homogeneity  and  easier  patterning  in 
the  green  state.  We  report  our  progress  achieving  transparency  with  these  materials,  as  well  as 
patterning  them  with  micron-scale  features. 


Hl.2,2  Recent  Developments 

III.2.2 A  Non-Reacuve  Sintering  Parameter  Screening 

In  non- reactive  sintering,  a  number  of  processing  conditions,  such  as  firing  temperature  and  heating 
rate,  are  thought  to  influence  the  final  transparency  of  oxide  ceramics.  To  our  knowledge,  a 
quantified  study  has  not  been  published  of  the  influence  of  processing  conditions  on  the  final 
transparency  of  YAG  ceramics.  Our  experimental  plan  was  designed  to  screen  through  as  many 
parameters  as  possible,  and  eliminate  those  with  negligible  impact  on  final  ceramic  transparency.  A 
2-level  design  of  experiment  (Placket t-Burnam  scheme)  has  been  carried  out  based  on  the  five 
processing  parameters  listed  in  Table  2,  This  strategy  allowed  us  to  lower  the  number  of  parameters 
to  be  studied  before  going  into  a  deeper  investigation. 


Processing  Parameter 

Value  1 

Value  2 

Powder  Pre-Processing 

Use  as  received 

Decant  in  water  5  min 

Green  Ceramic  Forming 

Cold  Isostatic  Pressing 

Slip  Casting 

Heating  Rate 

300°C/hr 

600°C/hr 

Final  Dwell  Temperature 

I730°C 

1780°C 

Dwell  Duration 

3  hours 

72  hours 

Table  2  Various  processing  parameters  in  the  design  of  experiment 


Once  sintered,  cross-sections  of  the  ceramics  were  cut  and  polished  and  ranked  according  to  their 
optical  quality.  Optical  quality  was  determined  by  measuring  the  size  of  macropores,  the 
homogeneity  of  their  distribution  and  the  overall  transparency. 
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The  calculated  mean  effect  for  each  of  the  five  processing  factors  and  factor  combinations  indicate 
that  decanting  the  powder  before  use  in  conjunction  with  a  moderate  heating  rate  (300°C/h)  lead  to 
better  results.  To  a  lesser  extent,  the  experimental  data  show  the  advantage  of  shaping  green  ceramics 
by  slip-casting  over  cold  pressing.  These  results  emphasize  the  dramatic  influence  of  the  pore 
networks  within  the  green  ceramics  on  the  achievement  of  transparency  in  sintered  materials.  For 
instance,  the  aggregates  decantation  that  proceeds  during  the  early  stages  of  slip -casting  is  thought  to 
be  extremely  favorable  in  leaving  behind,  a  homogeneous  slurry  that  will  produce  a  dense  compact 
by  settlement.  On  the  other  hand,  pressing  powders  might  lock  large  pores  in  the  green  state  due  to 
high  inter-particle  friction.  We  are  currendy  investigating  the  effect  of  different  green  ceramic 
shaping  methods  on  the  pore  size  distribution.  Figure  17  shows  the  green  ceramic  pore  size 
distribution  for  an  isostatically  pressed  sample.  Its  bimodal  shape  reflects  the  different  particle  sizes 
used  in  this  sample. 


Figure  17  Pore  size  distribution  in  a  green  ceramic  mixture  of  Y=Oj+  AbOj  (average  particle 
sizes  of  60  nm  and  300  nm,  respectively). 


Another  key  parameter  for  transparency  is  the  nanostructure  of  the  powder  itself,  A  laser  grade 
ceramic  requires  a  powder  with  the  following  essential  characteristics:  mono-dispersed  particle  size 
distribution,  spherical  shape,  and  very  low  agglomeration.  Such  powders  yield  higher  dcnsification 
and  arc  less  likely  to  experience  anomalous  grain  growth  during  sintering.  We  have  compared  the 
sinterability  of  three  commercial  powders  and  Stanford- fabricated  powders  with  the  results  shown  in 
'fable  3 

So  far  our  best  ceramic  samples  have  been  obtained  using  YAG  nanopowders  made  at  Stanford  or 
with  powders  purchased  from  the  Shin-Etsu  company.  The  large  polydispersity  and  the  fair  amount 
of  powder  agglomeration  observed  in  the  other  powders  arc  not  favorable  in  making  transparent 
samples* 
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MTI 


Shin-Elsu 


NEI 


Stanford 


Powder  origin 

Particle  average 
size 

Particle  size 
distribution 

Multlmodaiity 

Agglomeration 

Smterability 


SEM  pictures 


(Jj=400  nm 


0=323  nm 


0=420  nm 


0=100  nm 


\  00  <0<2OQO  nm  270  <0<386  nm  110  <0<57O  nm  40  <0<1 10  nm 


Table  3,  Sinterability  of  various  powders 


very  high 


Poor 


monodisperse 

Low 


monodisperse 

moderate 


bimodal 


111.2,2.2  Electrophoretic  Deposition 

We  have  been  researching  alternative  forming  methods  to  cold  pressing  and  slip  casting  that  offer  the 
flexibility  to  make  transverse  patterns  and  gradients  in  ceramics,  A  promising  method  is 
electrophoretic  deposition  (EPD),  EPD  pulls  nanopamcles  from  a  dispersion,  and  deposits  them  on 
an  electrode  via  a  static  electric  field.  This  technique  can  yield  green  ceramic  bodies  of  high  density 
which  may  be  sintered  to  transparency,  When  nanometer  size  powders  are  dispersed  in  a  liquid 
phase,  aggregation  can  be  prevented  by  increasing  particle  surface  charge  or  by  adding  polymeric 
dispersants  which  adsorb  on  the  particle  surface.  Moreover,  electrostatic  repulsion  and/or  scene 
hindrance  of  the  adsorbed  polymer  between  adjacent  particles  lower  the  entropy  of  the  particles 
packing  once  they  setde.  Therefore,  processing  ceramic  slurnes  by  EPD,  pressure-casting,  slip- 
casting  or  centrifugation  generally  lead  to  denser  powder  compacts  than  pressed  powders. 

The  basic  experimental  setup  of  an  electrophoretic  deposition  is  shown  in  Figure  IS.  Ihe  first  step  is 
stabilizing  tire  nanopamcles  in  the  slurry  against  agglomeration.  This  is  done  by  placing  a  charge  on 
the  surface  of  the  nanop articles  by  adjusting  the  pH  and/or  the  salt  concentration  of  the  liquid 
phase.  Once  a  stable  slurry  has  been  made,  electrodes  are  inserted  into  the  dispersion  and  a  DC  field 
is  applied  to  cause  migration  and  deposition  of  the  nanopartides  to  one  of  the  electrodes.  Once  the 
particles  reach  the  electrodes,  they  pierce  through  the  charge  cloud,  and  become  attached  to  the 
electrode  and  each  other. 


Figure  18.  Schematic  of  a  typical  electrophorectic  deposition 


We  have  used  this  technique  to  deposit  a  YAG  nanopowder  on  n  gold  electrode,  achieving  64%  of 
theoretical  density.  Figure  19a  shows  a  sample  before  sintering  and  Figure  19b  shows  a  sample  after 
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sintering.  The  transparency  is  good  m  spite  of  anomalous  grain  growth,  which  often  reduces 
transparency. 


Figure  19.  a)  2  cm  long,  64%  dense  1  at.%  Nd:YAG  green  ceramic  made  by  EPD 
b)  Single  crystallization  conversion  in  progress  in  a  400  pm- thick  1  at.% 

Nd:YAG  ceramic  made  by  EPD  and  sintered  at  1700  °C,  I  O'5  torr  for  2.5  h 

We  have  also  begun  investigations  of  transverse  patterning  on  this  sample.  Our  experiments  used  a 
single  glass  slide  with  two  unconnected  gold  patterns  which  were  held  at  different  potentials.  The 
electrode  used  in  our  experiments  is  pictured  m  Figure  20.  The  interlocking  pattern  of  traces  on  the 
electrodes  is  such  that  adjacent  traces  are  held  at  different  potentials.  The  pitch  (center  spacing)  of 
the  traces  was  varied  from  10  microns  to  1mm  Three  different  pitch -to- trace- width  ratios  were  also 
investigated.  They  indicated  that  small  pitch  to  width  ratios  were  more  effective  in  forming 
micros  true  tures  with  vertical  features. 


Figure  20,  a)  1  at.%  NdrYAG  slurry  being  deposited  by  electrophoresis,  b)  The  layout  of  the  electrodes 
used  for  green  ceramic  patterning.  The  clear  section  is  the  area  with  1  Opm  wide  traces,  separated  by 

100pm. 

Pictured  in  Figures  21a  and  21b  are  the  results  from  several  different  strip  sections.  We  have 
successfully  shown  that  bar-like  features  can  be  fabricated  at  the  400  pm  level,  and  even 
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demonstrated  patterning  at  the  10  Jim  level,  although  the  pitch -to -width -ratio  did  not  favor  vertical 
feature  formation.  We  also  were  able  to  make  a  deposit  on  a  carbon  fiber,  resulting  in  a  hollow-core 
structure,  after  the  sample  was  cooked  in  an  oxidizing  atmosphere,  A  deposit  made  on  a  5  pm 
sample  is  shown  in  Figure  21c. 


Figure  21 .  a)  and  b)  Green  ceramic  microstructures  fabricated  by  EPD,  C)  7  cm  by  30  pm  OD  by  5  pm  ID 

Y2Oj  green  ceramic  fiber  made  by  EPD. 


IIL2.2.3  Micro-Imprinted  Gratings 

Another  fabrication  technique  we  have  investigated  is  ceramic  molding  at  the  micron -scale.  In 
molding  process,  a  master  mold  is  fabricated  (in  our  case  from  silicon)  and  used  to  impnnt  a 
topological  pattern  onto  a  green  ceramic  body.  The  valleys  of  the  impression  can  then  be  filled  by  a 
number  of  different  ceramic  processing  techniques  allowing  sharp  feature  impressions,  with  rwo 
types  of  material.  The  value  of  this  technique  is  that  it  leverages  mature  silicon  micro-machirung 
processes,  offering  submicron  feature  sizes.  One  potential  application  for  this  technique  is  the 
fabrication  of  high-power  compatible  transmission  gratings  (or  for  locations  with  high-levels  of 
radiation). 


We  have  successfully  used  micro- imp  riming  to  pattern  green  YAG  ceramics.  Molds  made  of  etched 
silicon  consisted  of  1  tm-long  triangular  parallel  slits  5  to  20  microns  deep.  The  clean  features  of  this 
sample  can  be  seen  in  Figure  22. 


Figure  22,  Stripes  imprinted  in  a  green  YAG  ceramic. 


111.22,4  Nano-Engineered  Ceramic  Structures 

One  of  the  attractive  potential  benefits  of  ceramic  gain  media  is  the  ability  to  engineer  spatially 
varying  doping  profiles  to  enhance  maximum  output  powers  and  improve  laser  brightness  while 
improving  efficiency.  The  most  attractive  avenue  to  fabricate  transparent  ceramics  is  by  creating 
compositional  gradients  in  the  green  ceramic  by  placing  nano -particles  with  different  compositions  at 
various  locations  in  the  ceramic  body,  such  that  after  sintering  and  densification  the  compositional 
profile  results  in  the  doping  profiles  desired.  Numerous  profiles  with  spatial  features  around  1 
micron  are  interesting  for  laser  applications.  Such  small  profiles  require  precise  positioning  of 
precursor  nano-particles  to  arrive  at  the  profile  of  interest.  While  research  into  the  fabrication  of 
photonic  crystals  has  demonstrated  precise  positioning  of  nanometer  scale  parades,  an  open 
question  remains  as  to  how  well  a  nano -engineered  doping  profile  will  be  transferred  into  a  fully 
densified  ceramic. 


There  are  two  intermediate  steps  between  a  nano-engineered  compositional  gradient  and  a  fully 
densified  ceramic.  The  first  is  shrinkage  of  the  green  ceramic  as  the  free  surface  energy  of  the  nano¬ 
particles  (high  surface  curvature)  is  reduced.  The  second  step  is  gram  growth,  as  small  numbers  of 
residual  pores  are  eliminated,  but  the  length,  width  and  height  of  the  ceramic  are  essentially 
unchanged.  The  rate  of  these  processes  are  mediated  by  the  species  with  the  lowest  rate  of 
volumetric  diffusion,  meaning  that  for  every  species  doped  in  a  ceramic,  diffusion  will  play  a 
significant  role  in  the  final  profile  shape.  In  addition  to  volume  diffusion,  mass  transport  of  ions  is 
increased  by  the  presence  of  grain  boundaries.  Gram  boundary  diffusion  occurs  during  both 
intermediate  ceramic  fabrication  phases  mentioned  above,  and  depending  on  the  time  and  the 
temperature  of  the  process  can  smear  out  the  profile  of  interest. 

We  have  made  measurements  of  the  effective  diffusion  rates  of  Nd  in  transparent  \A G  ceramics 
with  fine  grams  (-1  micron)  in  the  temperature  range  of  1600°C  to  1830°C  This  is  die  equivalent  of 
the  second  stage  of  die  sintering  process,  where  gram  growth  occurs  to  eliminate  residual  pores.  The 
measurements  were  performed  by  taking  an  already  transparent  undoped  YAG  ceramic  and  diffusion 
bonding  it  to  an  already  transparent  1  at.%  Nd:YAG  ceramic.  Both  of  these  ceramics  were  fabricated 
in  Japan  by  Konoshima  Chemical  Co.  After  heat  treatment,  the  Nd  distribution  was  measured  using 
a  confocal  microscope.  The  typical  Nd  concentration  profile  across  the  bonding  interface  is  shown 
below,. 


Distance  ti s m J 

Fig.  23.  Typical  Nd  concentration  profile  after  diffusion  bonding 
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Under  the  approximation  of  zero  depletion  of  the  1  at+%  NdAAG  and  following  the  formalism  of 
LeClaire*  we  expected  a  concentration  profile  of  the  following  form: 


d\nN(x)  _  A (T) 

dx  r~ 

where  the  coefficient  A(F)  is  a  temperature  dependant  constant  given  by: 


A  (T)  =  Cexp 

where  R  is  the  ideal  gas  constant  and  E  is  an  effective  activation  energy  of  the  process  which  is 
dependent  on  the  grain  boundary  and  bulk  diffusion  activation  energies  for  Nd  in  YAG.  I  he 
coefficient  C  is  a  combination  of  the  defect  densities  of  grain  boundaries  and  the  bulk  material.  In 
the  temperature  range  of  16QQ-1750°C,  we  measured  an  activation  energy  of  420  kj/mol,  well  below 
die  measured  activation  energy  for  diffusion  of  Nd  in  bulk  YAG  made  by  Cherniak  of  567  kj/mol. 

The  temperature  range  of  1 750-1 830°C  the  exponential  dependence  of  A  (7")  was  eliminated  by  the 

process  of  grain  growth.  In  this  the  range*  we  measured  a  fairly  constant  value  of  0.2  Jim-  lh- 1/2, 


We  are  currently  making  measurements  of  Nd:YAG  diffusion  rates  in  single  crystal  material  in  the 
temperature  range  of  17GG-185QX  in  a  reducing  environment.  With  this  data,  we  will  be  able  to 
determine  the  required  processing  conditions  for  micron  scale  doping  profiles.  Understanding  the 
interplay  between  grain  boundary  diffusion  and  volume  diffusion  of  Nd  will  be  important  for  high 
precision  nano- structures  as  these  profiles  require  very  small  (~TQ-50-nm)  particle  sizes.  Such  small 
particles  sizes  dramatically  increase  the  number  of  gram  boundaries  in  the  material*  and  thus  the 
effective  mass  transport  of  dopant  out  of  the  specified  doping  profile. 

Hi, 3  Future  work  on  Ceramic  Laser  Development 

We  have  compiled  a  number  of  different  techniques  to  study  powders,  green  ceramics  and  sintering 
parameters.  We  have  used  these  techniques  to  improve  the  optical  quality  and  reproducibility  of  our 
ceramics.  We  have  initiated  research  to  produce  composite  structures  that  will  aid  in  pumping 
efficiency  as  well  as  functionality  (for  example  integrated  q-switches  or  bandwidth  shaping  doping 
profiles).  Continuing  research  for  future  programs  to  address  is  recommended  since  these  arc  key 
issues  in  the  development  of  high  energy  laser  systems, 

111.4  Expenditures  on  Ceramic  Laser  Development 

The  main  thrust  of  the  supplemental  award  was  to  support  the  acquisition  of  major  capital 
equipment  for  the  fabrication  of  advanced  ceramic  laser  host  materials.  Over  the  course  of  the 
supplemental  award,  we  have  acquired  a  high  temperature  vacuum  furnace  from  Oxy-Gon  1  nd  us  tries 
that  is  capable  of  high-vacuum  operation  to  2400°  C  and  a  hot  isostatic  press  from  American 
Isostatic  Press  that  is  capable  of  30,000  psi  operation  at  2000°  C  The  balance  of  the  supplemental 
award  was  used  to  support  a  post-doctoral  affiliate  who  worked  in  support  of  the  program. 
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